The objective of this research was to evaluate effects of partial replacement of trace mineral (Cu, Mn, Zn) sulfate by methionine hydroxy analog (MHA) chelates on laying performance, egg quality, enzyme activity and mineral retention in layers. Laying hens (Hyline Brown) of 37 weeks old were fed with 4 different diets with organic or inorganic trace mineral supplementations at equal levels. 
Introduction
Copper (Cu), zinc (Zn) and manganese (Mn) are biologically important in animals. Formation of enzymes, immune response, tissue and bone development and integrity, eggshell formation, and protection against oxidative stress are all mineral-dependent processes (Richards et al., 2010) . Inorganic minerals were widely used, but the absorption of inorganic minerals was limited, primarily due to antagonisms in diet and gastrointestinal tract (Richards et al., 2010) . Compared with inorganic minerals, organic minerals have some perceived benefits including: protect from unwanted chemical reactions in gastrointestinal tract; easily pass intact through intestine wall; and be absorbed by different routes (Mateos et al., 2005) . Organic trace minerals have been reported to have greater bioavailability in broilers (Ao et al., 2009; Kidd et al., 2000; Abdallah et al., 2009) and alleviated the negative effect of age on eggshell strength in layers (Swiatkiewicz and Koreleski, 2008) . Alternatively, other researchers found no difference on eggshell quality and mineral retention in eggshell and yolk between organic (amino acid complexes) and inorganic sources (MnO, CuSO 4 , ZnSO 4 ) of Cu, Mn and Zn (Mabe et al., 2003) . Differences in bioavailability of minerals might result from different chelation strength (Li et al., 2004) or the ligands (House et al., 1997) .
The mineral (Cu, Mn, Zn) MHA chelates (MINTREX ® Zn/Cu/Mn, Novus Intl., USA) used in the study are formed at a two MHA to one atom of trace mineral ratio and have been proved to have higher bioavailability than sulfate forms in broiler (Yan and Waldroup, 2006; Yi et al., 2007) . But little attention has been given to laying hens. Yi et al. (2007) reported that MHA from Mintrex was fully available as a methionine source, because it can be converted to Lmethionine, which is well known as the first limiting amino acid in laying hen diets (Schuttea et al., 1983) , within the body. Besides, MHA chelates have higher chelation strength compared with mineral complexes which indicates a higher bioavailability (Li et al., 2004) . It can be therefore be hypothesized that supplementation of MHA chelates could have higher bioavailability and beneficial effects to laying hens. On the other hand, Hudson et al. (2005) observed increased growth performance of broilers by partially replacing ZnSO 4 with Zn-amino acid complex. Partial replacement of inorganic minerals by organic forms might lead to better performance. The present study was designed to evaluate effects of partial replacement of mineral (Cu, Mn, Zn) sulfates by MHA chelates on productivity, egg quality, enzyme activity and mineral retention of laying hens.
Materials and Methods

Animals and Experimental Design
The design and conduct of this study were approved by the Institutional Animal Care and Use Committee of China Agricultural University. A total of 216 thirty seven-week-old laying hens (Hyline Brown) were weighed individually and randomly allotted to 4 treatments (6 replicates of 9 hens each) based on body weight (1. 70±0. 01 kg). Hens were given 4 diets with either organic or inorganic trace minerals at equal levels. Basal diet was corn-soybean meal diet with no supplementation of Cu, Zn and Mn. Treatments are: 1) Control (CON): a basal diet was supplemented with inorganic trace minerals (sulfate source, i.e. Cu 10, Zn 30 and Mn 30 mg/kg of diet); 2) Cu-MHA: Cu in control diet was replaced with 10 mg/kg as Cu-MHA; 3) Zn-MHA: Zn in control diet was replaced with 20 mg/kg as Zn-MHA; 4) Mn-MHA: Mn in control diet was replaced with 20 mg/kg as Mn-MHA.
Diets were formulated based on NRC requirements (1994). Feed composition is listed in Table 1 . Trace minerals in basal diets were Cu 6. 5 mg/kg, Mn 17 mg/kg and Zn 20 mg/kg based on actual analysis. Minerals and MHA in the organic minerals were 15% Cu and 78% MHA in Mintrex Cu, 16% Zn and 80% MHA in Mintrex Zn, and 13% Mn and 76% MHA in Mintrex Mn. The MHA of the chelates contributed to the dietary methionine concentration at 80% of bioavailability. All diets were iso-energetic, iso-nitrogenous and iso-methionine.
Hens were housed in a completely enclosed, ventilated, conventional caged-layer house in which the lighting program was 16L: 8D. Experiment started in early August, and the daily environmental temperature within the house varied from 30℃ in the summer and 19℃ in the autumn. At the onset of the experiment, hens were supplemented with diets without trace minerals for 2 wk so as to have a low mineral retention in hens' body. The experiment lasted for 14 wk from 39 to 52 wk of age. During the experimental period, hens were given ad libitum access to feed and water.
Production and Egg Quality
Egg production, egg weight and mortality were recorded daily from 39 wk to 48 wk. Feed consumption was measured weekly from 39 wk to 48 wk. At 43 and 48 wk of age, five eggs per replicate (30 eggs per treatment) were collected for measurement of eggshell strength and thickness (Fujihira Industry Co., Tokyo, Japan). At 52 wk of age, eggs (15 eggs per treatment) were obtained and stored for 10 d at room temperature. Haugh unit and albumen height were measured using a semi-automated egg quality system (Fujihira Industry Co., Tokyo, Japan). Yolk samples were collected and stored at −30℃ until analysis for minerals concentrations.
Blood and Tissues Collection
At 43 and 48 wk of age, 24 layers (6 layers per treatment) were selected and slaughtered. Liver were excised and immediately frozen in liquid nitrogen. Tibia and serum were collected. All samples collected were stored at −30℃ for Sun et al. mineral and enzyme analyses.
Determination of Minerals Concentration in Tissues and Serum
Liver and yolk were digested by wet ashing method using a nitric/perchloric acid mixture (Yokoi et al., 1990) . Tibia was digested by dry ashing method (Angel, 2007) . Serum was digested in concentrated nitric acid (Mohanna and Nys, 1999) . Cu, Zn and Mn in CON group, Cu in Cu-MHA group, Zn in Zn-MHA group and Mn in Mn-MHA group were analyzed by a flame atomic-absorption spectrometer.
Enzyme Activities
Liver samples were homogenized in 10 volume of physiological saline at 4℃. The homogenates were centrifuged at 3000 rpm for 10 min at 4 to 6℃ and then the supernatants were collected and stored at −30℃ for enzyme analysis.
The activity of hepatic CuZn-SOD and Mn-SOD was determined by method described by Cavanagh et al. (1995) , whereas CP was assayed by the method of Sunderman and Nomoto (1970) . Alkaline phosphatase (AKP) was measured using a commercial kit (Jiancheng Institute of Biotechnology, China), CA by method of Armstrong et al. (1966) , and catalase (CAT) by method of Aebi described by Zimatkin et al. (1998) . Protein content was determined by the Coomassie Blue method using a commercial kit (Jiancheng Institute of Biotechnology, China), using bovine serum albumin as standard. CuZn-SOD and CP activities were determined in group CON and Cu-MHA. CA, AKP and CuZn-SOD activities were determined in group CON and Zn-MHA. CAT and Mn-SOD activities were determined in group CON and Mn-MHA.
Statistical Analysis
All data were analyzed using the SPSS for Windows (ver. 12.0) program. Differences of productivity among treatments were tested by one-way ANOVA. Data of hepatic enzyme activity were analyzed by Students' t Test. Data of mineral retention were subjected to univariate analysis using the general linear model procedure included the effects of feeding length, mineral sources, and the interactions between these factors. When the interaction effects were significant, means were separated using one-way ANOVA and a post hoc Duncan's multiple range test. Difference among means with P＜0.05 was considered statistically significant.
Results
Production and Egg Quality
Supplementation of different sources of minerals did not affect egg production, broken egg ratio, feed consumption or feed conversion ratio among treatments (data not shown). However, average egg weight from 39 to 48 wk of age tended to be increased by supplementation of organic minerals (CON, 61.7 g; Cu-MHA, 62.7 g; Zn-MHA, 62.6 g; Mn-MHA, 63.6 g; SEM＝0.25; P＝0.069).
Egg quality parameters are listed in Table 2 . At age of 48 wk, shell thickness was increased (P＜0.05) when hens were fed with Zn-MHA and Mn-MHA diets compared with the CON diet. All treatment groups showed increased (P＜0.05) Haugh unit after 10 d storage compared with CON group.
Enzyme Activities
Hepatic enzyme activities at 48 wk of age were shown in Table 3 . No differences were observed in CuZn-SOD activity among CON, Cu-MHA and Zn-MHA groups (data not shown). Cu-MHA diet increased (P＝0. 051) CP activity compared with CON diet. Zn-MHA supplementation increased (P＜0.05) hepatic CA activity, but AKP activity was not affected (data not shown). Mn-MHA supplementation increased (P＜0. 05) Mn-SOD activity, but did not affect CAT activity (data not shown).
Mineral Retention
Mineral concentration in tissues is listed in Tables 4-6 An interaction between Cu sources and feeding length were observed (P＜0.01) in yolk Cu retention. Feeding with Cu-MHA for 14 wk showed highest Cu concentration in yolk, while feeding with control diet for 4 wk showed lowest Cu retention.
Supplementation of Zn-MHA significantly increased (P＜ 0.05) Zn concentration in yolk. Interaction between Zn sources and feeding length was observed (P＜0.05) in tibia Zn retention. Tibia Zn concentration in CON group was highest at 43 wk of age.
No difference was observed (P＞0.10) in Mn concentration between two Mn sources. On the other hand, interaction between Mn sources and feeding length in liver Mn retention was observed (P＜0.05). Organic Mn group showed higher Mn concentration in liver (P＜0.05) after 4 wk feeding and in yolk (P＝0.063) after 14 wk feeding.
Discussion
Production Abdallah et al. (1994) reported that corn-soybean meal diets with no extra supplementation of minerals did not affect productivity of layers. Other researchers also found that Mn, Zn and Cu concentration in basal diet (25, 36, 9 . 2 mg/kg diet, respectively) seemed to be sufficient for maintaining egg production and shell quality, and additional Mn supplementation did not affect egg productivity (Sazzad et al., Sun et al.: Source of Minerals on Layer Sahin and Kucuk, 2003; Skrivan et al., 2006) . However, an increase in egg weight was observed when hens were fed diets with organic minerals in this experiment. Mabe et al. (2003) found that diets supplemented with minerals decreased egg weight in old hens but not young hens. Thus, according to the literature, effects of mineral supplementation on egg weight are inconsistent.
Egg Quality
Supplementation with Zn-MHA or Mn-MHA was also found to improve eggshell thickness. Sazzad et al. (1994) reported that increased Mn concentration (MnO) in diets improved eggshell thickness. Trace minerals may affect mechanical properties of eggshell either by their catalytic properties as key enzymes involved in eggshell formation or by interacting with calcite crystal formation and modifying crystallographic structure of eggshell (Mabe et al., 2003) . In the present study, inceased CA activity by Zn-MHA supplementation could contribute to the conversion of carbon dioxide to biocarbonate and maintenance of acid-base balance in cells and tissues (Bakst and Holm, 2003) , so as to benefit to eggshell quality. Albumen height and Haugh unit are accepted as measurements of egg freshness (Scott and Silversides, 2000) . The height of inner thick albumen decreases in a logarithmic fashion with storage time (Silversides and Scott, 2001 ). Viscosity of egg albumen depends on the integrity of ovomucin-lysozyme complex (Lucisano et al., 1996) . Supplementation of Cu-MHA and Zn-MHA might have slowed down the dissociation of ovomucin-lysozyme complex in albumen so as to keep eggs fresher after 10 d storage.
Enzyme Activities
CP, binding with 95% circulating Cu in the body (Healy and Tipton, 2007) , is an indicator of Cu status (Arredondo et al., 2008) and has antioxidant capacity by binding free toxic copper in plasma (Healy and Tipton, 2007) . Increased CP activity by supplementation with Cu-MHA indicated an increase in antioxidant status and higher Cu bioavailability. CuZn-SOD, which was found both in intracellular cytoplasmic spaces and extracellular spaces, is Cu and Zn dependent; Mn-SOD existed in mitochondrial and is Mn dependent (Zelko et al., 2002) . No differences were observed in CuZn-SOD with either Cu-MHA or Zn-MHA supplementation. Whereas Mn-SOD activity was increased when hens were fed diets with Mn-MHA compared with Mn sulfate. SODs are the first and most important line of antioxidant enzyme defense systems against reactive oxygen species (Zelko et al., 2002) . Increased hepatic Mn-SOD activity indicated an increase in antioxidant activity by supplementation with Mn-MHA compared with sulfate forms. Increased CA activity by Zn-MHA supplementation may have improved maintenance of an acid-base balance in cells and tissues (Bakst and Holm, 2003) .
Mineral Retention
In the current study, sources of minerals affected mineral retention in tissues. Cu-MHA showed higher efficiency of Cu retention in liver compared with the sulfate. When laying hens were supplemented with Cu concentration just below the level permitted by the European Union (35 mg/kg), the Cu content in yolk and liver were increased (Skrivan et al., 2006) . Henry et al. (1992) indicated that Mn retention was increased by supplementation with Mn-Met compared with Mn sulfate. But no difference was observed between Mn-MHA and CON group in this study. Zn-MHA group showed higher Zn concentration in yolk but lower in tibia. The reason of decreased Zn retention in tibia is not clear, but our results showed increased tibia dry weight (data not shown), which may induce no differences in total Zn content in tibia, indicating increased bone development of tibia. Taking yolk as an indicator, feeding with organic Cu, Zn or Mn showed increased Cu, Zn or Mn retention.
The increased shell thickness, hepatic CP, CA and Mn-SOD activities and yolk mineral retention suggested higher bioavailability of trace minerals from MHA chelates. Mineral MHA chelates might increase bioavailability by protection from unwanted chemical reactions in gastrointestinal tract or being absorbed via amino acid absorption routes (Mateos et al., 2005) . In conclusion, trace minerals (Cu, Zn and Mn) in the form of MHA chelates showed higher bioavailability and beneficial effects compared with the sulfates when included in laying hens' diet.
